ABSTRACT The mechanisms that govern pattern formation within the cell are poorly understood. Ciliates carry on their surface an elaborate pattern of cortical organelles that are arranged along the anteroposterior and circumferential axes by largely unknown mechanisms. Ciliates divide by tandem duplication: the cortex of the predivision cell is remodeled into two similarly sized and complete daughters. In the conditional cdaI-1 mutant of Tetrahymena thermophila, the division plane migrates from its initially correct equatorial position toward the cell's anterior, resulting in unequal cell division, and defects in nuclear divisions and cytokinesis. We used comparative whole genome sequencing to identify the cause of cdaI-1 as a mutation in a Hippo/Mst kinase. CdaI is a cortical protein with a cell cycle-dependent, highly polarized localization. Early in cell division, CdaI marks the anterior half of the cell, and later concentrates at the posterior end of the emerging anterior daughter. Despite the strong association of CdaI with the new posterior cell end, the cdaI-1 mutation does not affect the patterning of the new posterior cortical organelles. We conclude that, in Tetrahymena, the Hippo pathway maintains an equatorial position of the fission zone, and, by this activity, specifies the relative dimensions of the anterior and posterior daughter cell.
ILIATES are among the most structurally complex cell types known, due to their nuclear dualism and the intricate organization of their surface. Ciliates have two structurally and functionally distinct nuclei that operate in one cytoplasm: the germline micronucleus that undergoes mitosis (or meiosis), and the somatic macronucleus that divides by amitosis-a unique mode of nuclear division that does not involve chromatin condensation or a bipolar spindle formation (reviewed in Ruehle et al. 2016) . During the vegetative cell cycle, these two nuclei divide at different times, with the mitosis of the micronucleus preceding the amitosis of the macronucleus (Figure 1 ). In addition, during cell division, ciliates duplicate the cortex, to produce a tandem of daughter cells (reviewed in Wloga and Frankel 2012) .
The tandem duplication of the cortical pattern has to be precisely coordinated with cytokinesis in time and space. The cortical regions immediately anterior and posterior to the fission zone undergo vastly different morphogenetic routines, to develop new cortical ends (see Figure 1 ). The division plane establishes an asymmetry in the cell cortex that is manifested by different organelles that appear on each side of the cleavage furrow: the new cytoproct and contractile vacuole pores form above, and the new cell apex emerges below the cleavage furrow, respectively JerkaDziadosz 1981; Numata et al. 1995; Kaczanowska et al. 1999; Cole et al. 2008) . The first sign of cell division is the formation of the oral primordium (a developing new oral apparatus) within the confines of the posterior subcell (the term "subcell" describes a half of the dividing cell that will give rise to either the anterior or the posterior daughter). Next, in the region directly anterior to the oral primordium, the ciliary rows become interrupted by a gap, the "cortical subdivision," which demarcates the emerging daughters. At about the same time, the new cortical ends start to differentiate, and this is manifested by the appearance of the new contractile vacuole pores, and the new cytoproct at the posterior end of the anterior daughter. How the cortical events of tandem duplication are accomplished, and, specifically, how they are coordinated with cytokinesis, is not known.
A set of potentially informative conditional Tetrahymena mutants that are affected in cell division have been generated by random chemical mutagenesis, but most of the genes responsible remain unknown (Frankel et al. 1976 (Frankel et al. , 1977 Frankel 2008) . Recently, comparative whole genome sequencing has been used for identification of causative mutations in Tetrahymena, and in another ciliate, Paramecium (Galati et al. 2014; Marker et al. 2014; Kontur et al. 2016 ). An important breakthrough was the identification of the first mutation that alters the cortical pattern in Tetrahymena, disA-1 (Galati et al. 2014) . Here, we use whole genome sequencing to identify the causative mutation for cdaI-1, a temperature-sensitive mutation that results in unequal cell division (Frankel 2008) , in a homolog of Hippo/Mst kinases, a conserved component of Hippo signaling (reviewed in Yu et al. 2015) . cdaI-1 phenocopies a loss-of-function of the conserved substrate of Hippo/Mst kinases, Mob1 (Tavares et al. 2012) . We conclude that ciliates utilize the Hippo pathway for achieving equatorial division. Our observations also indicate that ciliates must have additional yet unknown mechanisms, independent of CdaI, for setting up the anteroposterior and circumferential axes.
Materials and Methods

Tetrahymena strains
To identify the causal mutation for cdaI-1, we used the strain IA237 cdaI-1/cdaI-1 (cdaI-1, II). For the outcross, we used the heterokaryon strain CU427 chx1-1/chx1-1 (CHX1, cy-s, mt VI). The CU428 strain mpr1-1/mpr1-1 (MPR1, mp-s, mt VII) was used as a wild type for comparisons of phenotypes. The B*VII strain was used for the self-cross. The expression of CdaI-GFP transgene was performed in CU428 as well as in the background of elo1-1, a mutation that shifts the division plane posteriorly, using strain IA388 elo1-1/elo1-1 (elo1-1; I). All strains were obtained from the Tetrahymena Stock Center, Cornell University (Ithaca, NY). Cells were grown in SPP medium (Gorovsky 1973 ) with antibiotics (SPPA; Gaertig et al. 2013) at 28-30°(standard temperature that is permissive for cdaI-1) or 39-40°(restrictive temperature for cdaI-1).
Crosses and preparation of pools for next generation sequencing
Standard methods for crosses and analyses of progeny were used (Orias et al. 2000) unless mentioned otherwise. To identify the causative mutation for cdaI-1, we used a modified "bulked segregant" approach (Michelmore et al. 1991; Birkeland et al. 2010 ) that includes a self-cross. The IA237 cdaI-1 mutant strain was crossed to the heterokaryon CU427, and F1 heterozygotes were recovered based on cycloheximide resistance (cy-r, 15 mg/ml). Several cy-r F1 heterozygotes were cloned and grown for .60 generations for sexual maturation and macronuclear assortment to cycloheximide sensitivity. A single fertile cy-s F1 was used for a self-cross to B*VII to produce the "short-circuit genomic exclusion (SCGE)" progeny (Bruns et al. 1976) as follows. The CDAI/cdaI-1 cy-s F1 and B*VII cells were grown to 2-3 3 10 5 cell/ml in 5 ml of SPPA at 30°. The cells were washed, suspended in 5 ml of 10 mM Tris-HCl pH 7.5 and starved for 18 hr at 30°. The starved F1 and B*VII cells (400 ml each) were mixed in a single well of a 24-well microtiter plate, and allowed to mate at 30°for 6.5 hr. The mating cells were diluted to 10 ml with SPPA, and plated on a 96-well microtiter plate at 50 ml/well. The plates were incubated for 18 hr at 30°, and 50 ml of SPPA with 30 mg/ml of cy was added to each well. After 2 days of selection, 192 single cy-r F2 cells (each from a different well to ensure that they come from independent meioses) were isolated into drops of SPPA on Petri dishes. The F2 cy-r clones were replicated onto 96-well microtiter plates with 100 ml/well of SPPA, incubated overnight at 39°, and scored for either a wildtype or cdaI-1 phenotype. Thirty-six wild-type and 36 separate cdaI-1 F2 clones were pooled. The clonal pools were grown overnight in 25 ml of SPPA, washed and suspended in 60 mM Tris-HCl pH 7.5 [this unusual concentration of Tris-HCl is used to block pairing (Bruns and Brussard 1974) ], and starved for 2 days at the room temperature. Total genomic DNAs were extracted from the two F2 pools with the urea method as described (Dave et al. 2009 ).
Whole genome sequencing and causative variant identification using the macronuclear reference genome
The pool DNAs were used to prepare libraries using Illumina Truseq adapters and sequenced by the Illumina MiSeq instrument to generate paired-end reads of 300 bp with 303 coverage. The following sequence analyses were performed using the Galaxy web-based platform (Afgan et al. 2016) Figure 1 A diagram that presents the cortical and nuclear stages of cell division by tandem duplication in Tetrahymena. The green and red lines indicate the patterns of Hippo signaling components: CdaI (red, this study) and Mob1 (green, based on Tavares et al. 2012) . mi, micronucleus; ma, macronucleus; oa, oral apparatus; noa, new oral apparatus (primordium); cvp, contractile vacuole pore; ncvp, new contractile vacuole pore; cyp, cytoproct; ncyp, new cytoproct. The stage designations are novel to this paper and the numbers do not correspond to the earlier named stages of oral development .
(https://usegalaxy.org). The sequence reads were aligned to the macronuclear reference genome (June 2014 version, GenBank assembly accession GCA_000189635.1) (Eisen et al. 2006) . FASTQ Quality Trimmer was used to remove ends of reads with aggregate quality score ,20 (Blankenberg et al. 2010) . The reads were aligned to the macronuclear reference genome using BWA-MEM (Li and Durbin 2009) , and realigned around indels using GATK (McKenna et al. 2010; DePristo et al. 2011) . PCR duplicates were removed using Picard (http://broadinstitute.github.io/picard). Homozygous variants were called using GATK Unified Genotyper. Next we used the GATK Select Variants tool to remove variants from the mutant pool that were also present in: (1) the sister F2 wildtype pool and (2) six pools that originated from independent projects using non-cdaI-1 backgrounds and the same genetic scheme (our unpublished data). The remaining variants were filtered for the types of mutations that are commonly induced by nitrosoguanidine (Ohnishi et al. 2008) using SnpSift (Cingolani et al. 2012 ) with the expression:
The remaining candidate variants were annotated using SnpEff (Cingolani et al. 2012) . Sequence reads containing candidate variants were inspected manually in the IGV genome browser (Robinson et al. 2011; Thorvaldsdottir et al. 2013 ).
Identification of the causative micronuclear chromosomal region by allelic composition contrast analysis
To map the location of the causative variant on the micronuclear genome, we used a customized version of MiModD (https://sourceforge.net/projects/mimodd/) as follows. We aligned the mutant and wild-type pool reads to the micronuclear genome assembly of T. thermophila, strain SB210 (GenBank assembly accession GCA_000261185.1) (Hamilton et al. 2016) , and performed joint variant calling of both pools against the reference, keeping all variants that appeared at least heterozygous in one of the two samples. A linkage score quantifying the difference in the allelic composition between the mutant and the wild-type pool was then computed at each variant site. When plotted against genomic coordinates, this score is expected to peak near the location of the causative variant.
Rescue
A fragment of TTHERM_00971920 was amplified from the wild-type genomic DNA (CU428 strain) using primers: 59-TGTTACTGCAACACCAGA-39 and 59-GGTCAAGGCTCA-TATGGAA-39, and introduced by biolistic bombardment (Bruns and Cassidy-Hanley 2000) into starved cdaI-1 IA237. Cells were grown on the 96-well plates at the restrictive temperature, and inspected for the appearance of wild-type cells. Mock-transformed cells were used as a negative control.
Imaging of CdaI-GFP and analyses of CdaI mutants
To determine the localization of CdaI, a GFP sequence was added to the 39 end of the ORF predicted for TTHERM_00971920 (CDAI), using a linked neo5 marker (Busch et al. 2010) . The macronuclear assortment of the tagged allele was promoted by growing cells in increasing concentrations of paromomycin starting at 120 mg/ml. The GFP tagging of CdaI was done in the wild-type background (CU428), and in the elo1-1 mutant (IA388). To evaluate the morphological phenotypes, cells were labeled by immunofluorescence with simultaneous fixation and permeabilization (Gaertig et al. 2013) , using 20H5 monoclonal anti-centrin antibody (Millipore) (Sanders and Salisbury 1994) , or 6-11 B-1 anti-acetyl-K40 a-tubulin antibody (Sigma-Aldrich) (Piperno and Fuller 1985) or polyclonal anti-GFP (Rockland) antibodies, followed by secondary antibodies coupled to either CY3 or fluorescein (Rockland). DNA was stained using DAPI. The imaging was done on a Zeiss LSM 710 confocal fluorescence microscope.
Data availability
The authors state that all data necessary for confirming the conclusions presented in the article are represented fully within the article.
Results
Cortical and nuclear defects in the cdaI-1 Tetrahymena mutant
The cdaI-1 Tetrahymena clone was isolated in a screen for cell division mutants, which involved exposure to nitrosoguanidine (Frankel et al. 1976) followed by cytogamy to bring mutations to expression (Orias et al. 1979) . cdaI-1 is a temperaturesensitive, recessive mutation. The cdaI-1 cells appear morphologically normal when grown at 28-30°and undergo a severe anterior displacement of the division furrow at 39-40° ( Frankel 2008 ). We used anti-centrin antibodies (Sanders and Salisbury 1994) to evaluate the cortical organization in the wild type and cdaI-1 mutants. The anti-centrin antibodies label the basal bodies of both the locomotory ciliary rows that span the entire cell length, and the four sets of short ciliary rows that are parts of the oral apparatus. In the wild-type cells or in the cdaI-1 cells grown at the permissive temperature, the first sign of cell division is the appearance of the new oral apparatus (oral primordium), as a cluster of basal bodies that form adjacent to the right postoral ciliary row at a submedial location (Figure 1 , stage 2 and Figure 2A) . Next, the basal bodies of the oral primordium organize into subsets that give rise to the oral rows (Figure 1 , stage 3 and Figure 2B ). Coincident with the completed differentiation of these structures, the longitudinal ciliary rows develop the "cortical subdivision," a gap that circumscribes the cell at a medial location (Figure 1 , stage 4 and Figure 2C ). The subsequent cytokinesis occurs within the cortical subdivision (Figure 1 , stage 5 and Figure 2D ). The micronucleus undergoes closed mitosis around the time of the initiation of cortical subdivision ( Figure  1 , stages 3 and 4 and Figure 2C ), while the macronucleus divides by amitosis at the time of constriction of the contractile ring ( Figure 1 , stage 4 and 5 and Figure 2D ).
At the restrictive temperature, the cdaI-1 mutants developed an oral primordium at a correct medial and circumferential position (Figure 3, A and B) . However, at the later stage, the new oral apparatus was seen immediately posterior to the old oral apparatus ( Figure 3C ), most likely due to its anterior translocation. The basal bodies of the two postoral rows that in wild type are positioned between the new and the old oral apparatus, in the mutants shorten or completely disappear ( Figure 3C and data not shown). Consistently with the anterior shift of the new OA, the cortical subdivision forms at an excessively anterior position but still in the space between the two OAs ( Figure 3C ). The cortical subdivision and the subsequent cytokinesis are delayed, but eventually subcells differentiate, except that they are unequal in size (Figure 3, D and F) . Often, the smaller anterior subcell tilts resulting in a "hammerhead" shape of the dividing cell (Figure 3, D and F) . The tilting could be a consequence of an incomplete or asymmetrically delayed cortical subdivision; often in the same hammerhead, some of the ciliary rows are subdivided, while other rows maintain continuity between the anterior and posterior subcell, which could produce an asymmetry in the growth of the cortex (Figure 3, D and F) . The progression of the mutant phenotype outlined above is supported by the quantification of the morphological phenotypes at 3 and 6 hr at the restrictive temperature ( Figure 3H ). In some cdaI-1 cells, cytokinesis, while delayed, runs to completion, generating an excessively large posterior daughter (Figure 3, D and F) , and an excessively small anterior daughter ( Figure 3E ). In other mutant cells, cytokinesis fails, and the posterior cell enters a new cell cycle, producing a second generation anterior subcell ( Figure 3G ). The mitotic division of the micronucleus takes place in the majority of mutant cells, but often the anterior subcell does not receive a progeny micronucleus (Figure 3, G and I) . In contrast, in most mutants, the macronucleus fails to divide and remains in the posterior subcell (Figure 3 , D, E, G, and I). Consequently, when the abscission is successful, often the anterior daughter lacks a macronucleus or lacks the nuclei altogether (Figure 3 , E, G, and I and Figure 9G ).
Identification of the causal mutation of cdaI-1 by whole genome sequencing
We used a modified "bulked segregant" approach (Michelmore et al. 1991; Birkeland et al. 2010 ) that includes a self-cross, similar to what was used with Paramecium tetraurelia (Marker et al. 2014 ). The principle is to subject an F1 heterozygote to a number of independent meioses, and to identify a mutation that among the F2 progeny strictly cosegregates with the mutant phenotype. We performed an SCGE self-cross by mating an F1 to B*VII (a strain that lacks a functional micronucleus), with the intention of producing progeny that are homozygous postmeiotic derivatives of the F1 genome (Bruns et al. 1976) . The F2s were expected to display a 1:1 segregation of the mutant vs. wild-type phenotypes. Among a total of 100 F2 clones picked, at the restrictive temperature, 63 were wild type and 37 were cdaI-1 (1.7:1 ratio). The apparent deviation of the segregation pattern from the expected 1:1 ratio is explained by our subsequent observation that the SCGE self-cross, in addition to expected homozygotes apparently also produced some F2 heterozygotes (see below). We prepared pools of 36 F2 clones that were phenotypically either wild type or cdaI-1. Both pools were subjected to whole genome sequencing and variant identification.
We aligned the mutant and wild-type pool sequence reads to the macronuclear reference genome (Eisen et al. 2006) . Following variant calling, we narrowed down the list of candidate mutations through stepwise filtering and subtraction as follows ( Figure 4A ). We detected 3444 and 3566 variants that were prominent enough in the cdaI-1 and the wild-type pool, respectively, and 1009 of these were unique to cdaI-1 and were analyzed further ( Figure 4A ). We subtracted those mutant pool variants that were also detected in six pools obtained by the same genetic scheme in non-cdaI-1 backgrounds (our unpublished data), which led to 341 remaining variants. Sixty-nine of these variants were base transitions compatible with the mutagen used, nitrosoguanidine (G/C to A/T and A/T to G/C) (Ohnishi et al. 2008) . A manual inspection of the sequence reads revealed only a single variant, scf_8254051:142648 C to T, in the coding region of the gene TTHERM_00971920, where 100% of sequence reads contained an alternate base ( Figure 4B ). In the cdaI-1 pool 100% of sequence reads (28) had an alternate base, and, among them, 96% (27) contained a C to T substitution (one sequence had an A but this position was near the end of the read and thus is more likely to be a sequencing error; Mandoiu and Zelikovsky 2016) . Within the wild-type pool DNA, 91% (21) of reads encoded the reference base C, and 9% (2) had the alternate base T ( Figure 4B ). Since the pools of F2 clones were assembled based on their phenotypes, most likely SCGE, in addition to the expected homozygotes (Bruns et al. 1976 ) also produced some heterozygotes.
We took advantage of the recently sequenced micronuclear (germline) genome (Hamilton et al. 2016) , to map the chromosome interval of the candidate causative mutation region in a manner similar to the approach used in other organisms including C. elegans (Minevich et al. 2012) . We aligned the mutant and wild-type sequence reads to the micronuclear chromosome assembly, and determined the density of variant cosegregation with the mutant phenotype by comparing the allelic composition at variant sites between the mutant and the wild-type pool. Normalized variant cosegregation density plots revealed a single peak on the micronuclear chromosome 4, 24 MB ( Figure 4D ). In the macronucleus, TTHERM_00971920 is a part of the chromosome scaffold scf_8254051 that maps between 23.7 and 23.9 Mb on the micronuclear chromosome 4. The close match between the micronucleus-based chromosome interval mapping and the macronucleus-based variant identification achieved by subtractions and filtering, gave us confidence that we had indeed identified the causative variant. Figure 1C ). Note the anterior displacement of the new oral apparatus. The cortical subdivision is present at a proper location in relation to the new oral apparatus, and thus the entire division plane is shifted. (D) A mutant cell with a nearly completed cytokinesis. Note the failure in the division of the macronucleus resulting in its absence in the anterior daughter. (E) A cell that is an anterior product of a complete cdaI-1 division, lacking a macronucleus. (F) A hammerhead cell where the anterior compartment is relatively mildly affected. Note an incomplete cortical subdivision; an asymmetry in the breakage of ciliary rows could be behind an unbalanced cortical growth that could produce the tilting of the anterior daughter. (G) A mutant cell that has produced two anterior subcells, and failed cytokinesis in two subsequent generations. (H) A diagram showing the percentages of the different morphologies observed in the cdaI-1 cells at 3 and 6 hr after the temperature shift, or after 6 hr of incubation at the permissive temperature. (I) A diagram showing the percentages of nuclear end-points of cells with the hammerhead shape. oa, oral apparatus; noa, new oral apparatus; mi, micronucleus, ma, macronucleus; cs, cortical subdivision.
The cdaI-1 mutation is recessive (Frankel 2008) . A fragment of the wild-type TTHERM_00971920 (spanning the base mutated in cdaI-1), when introduced by biolistic transformation into vegetative cdaI-1 cells, produced rescue clones that divided normally at the restrictive temperature ( Figure  5 , A and B), while no rescues were seen in the negative control that was mock-transformed (n = 10 7 cells). Sanger DNA sequencing of two rescue clone DNAs detected the mutant base (T) and the wild-type base (C) at the same position ( Figure 5C and data not shown), indicating that both alleles were present in the same cells, consistent with a partial replacement of the mutant allele by a wild-type allele in the polycopy macronucleus (reviewed in Chalker 2012). Thus, we conclude that the scf_8254051:142648 C to T mutation in TTHERM_00971920 causes cdaI-1.
The TTHERM_00971920 gene that we now rename CDAI, encodes a protein, CdaI, with a single N-terminally located kinase domain ( Figure 4C ). Based on reciprocal BLASTP searches, the closest homologs of the predicted CdaI protein are kinases belonging to the Hippo/Mst group, including Hippo in Drosophila melanogaster, MST2 in humans, and Kic1 in the budding yeast. For example, the kinase domain of CdaI is 47% identical (65% similar) to that of human MST2. The scf_8254051:142648 C to T mutation translates into a P216S substitution in CdaI, which is located within the kinase domain ( Figure 4C ). We used homology modeling to predict the 3D structure of the CdaI kinase domain based on the structure of human MST2 (PDB: 4LGD) (Ni et al. 2013) ( Figure 5D ). P216 maps to the aF-aG loop a region involved in substrate binding and protein recognition Neuwald 2004, 2005; Lodowski et al. 2006; Sours et al. 2008) . P216S is predicted to impact substrate binding by altering the conformation of the aF-aG loop ( Figure 5D ). It is also possible that the mutant S216 serves as a gained phosphorylation site (Radivojac et al. 2008 ) that alters the activity or substrate specificity of CdaI.
CdaI is expressed in a highly polarized pattern during cell division
To localize CdaI protein within the cell, we tagged the ORF of CDAI by adding a GFP-encoding sequence at the 39 end, so that the gene product is expressed under its own promoter. We could not detect CdaI-GFP in nondividing cells ( Figure  6A ). In cells approaching cell division that started to develop an oral primordium, CdaI-GFP was present as lines of dots and dashes that corresponded to the ciliary rows, but the signal was much stronger in the anterior half of the cell that gives rise to the future anterior daughter (Figure 6 , B-D). At this stage, most cells had a uniform circumferential pattern of CdaI-GFP ( Figure 6D ), while in some the signal was stronger on the ventral side, above the oral primordium ( Figure 6 , B and C). When the cortical subdivision appeared (staged by the completed micronuclear mitosis), the signal of CdaI-GFP was enhanced as a circumferential band of short ribbons above the division plane ( Figure 6E ). The oral apparatuses, both old and new, also appeared positive for CdaI-GFP ( Figure 6E ), but the background fluorescence tends to be higher in these locations ( Figure 6 , I and J). During early cytokinesis/macronuclear division, CdaI-GFP remained strong on the anterior side of the fission zone ( Figure 6F ). At this stage, CdaI-GFP also marked the new contractile vacuole pores (CVPs) that assemble on the right side of the cell near the posterior end of the emerging anterior daughter ( Figure 6G, arrows) . When the constriction zone became narrow, the CdaI-GFP signal was present at the posterior end of the emerging anterior daughter cell ( Figure 6H ).
The appearance of the CdaI-GFP signal coincides with the onset of cortical subdivision and the subsequent cytokinesis.
To examine in detail the relationship between CdaI and cortical morphogenesis, we labeled the CdaI-GFP-expressing cells with anti-centrin to detect the basal bodies (Figure 7 , green) and anti-GFP antibodies (red) to detect the cortical CdaI. Cortical CdaI-GFP first appeared in the anterior half of the dividing cell in the early stage of the oral primordium development (Figure 7, A and A' ). CdaI-GFP became prominent and uniform along all ciliary rows of the anterior subcell when the oral primordium was advanced to the stage of individualization of the oral rows, but before the cortical subdivision ( Figure 7, B and B' ). Thus, it appears that the establishment of the posterior edge of the CdaI-GFP lines does not require a cortical subdivision. The CdaI-GFP lines were composed of dots that roughly corresponded to the basal bodies, as well as dashes that were located between or on the side of the basal bodies ( Figure 7 , B and B', inset). When the cortical subdivision appeared, CdaI-GFP lines polarized by increasing in intensity near the anterior side the cortical subdivision, but a weaker signal was still present across and below the cortical subdivision ( Figure 7 , C and C'). When the division plane started to constrict, the CdaI-GFP signal was limited to the anterior side of the cortical subdivision; CdaI-GFP was also present between the neighboring ciliary rows along the constriction plane (Figure 7 , D and D' inset, also see Figure 6F ). During more advanced cytokinesis, CdaI-GFP was concentrated along the portions of the ciliary rows near the posterior end of the anterior subcell ( Figure 7 , E and E').
elo1-1 shifts both the division plane and the posterior boundary of CdaI
To explore how the CdaI localization is influenced by the cell division events, we analyzed the pattern of CdaI-GFP in another cell division mutant, elo1-1, in which the division plane is dramatically shifted to the posterior cell pole (Frankel 2008) . In elo1-1, the division plane is shifted already at the stage of the early oral primordium, the first sign of cell division (Figure 8, A-B' ). Despite the posterior shift, the course of cell division in elo1-1 cell appeared normal except for twisting of ciliary rows that was apparent at cytokinesis (Figure 8, A-D) . In the elo1-1 background, the pattern of CdaI-GFP lines conformed to the new position of the division plane but was otherwise normal. On the ventral side, the posterior edge of the CdaI-GFP lines reached the top of the oral primordium. Strikingly, on the dorsal side, the ends of CdaI-GFP lines were at normal equatorial positions, while on the cell's sides, these ends were intermediate in their anteroposterior positions (Figure 8, B-D) . This creates a remarkable slant in the position of the posterior boundary of the CdaI lines (Figure 8 , B-D) as compared to an equatorial placement of the CdaI edge in the wild type (Figure 7 , B-D). This indicates that Elo1 acts primarily within the oral circumferential sector. Thus, the CdaI pattern is influenced by earlier cell division events that position the division plane, and the ELO1 gene product is probably upstream of CdaI. We also note that, in addition to the signal of CdaI-GFP within the anterior subcell, there was a consistent signal near the posterior (old) cell's end, especially in elo1-1 cells with a cortical subdivision (Figure 8 , C-E', arrowheads). A reexamination of wild-type cells also revealed weak foci of CdaI-GFP near the posterior cell's end (Figure 6 , D-H and Figure 7 , B and D, arrowheads) that appeared specific as they were not seen in the negative controls ( Figure 6 , I and J). The extreme posterior CdaI-GFP may represent a pool of CdaI that interacts with its likely substrate, Mob1, that was deposited in the previous cell cycle (see Discussion).
cdaI-1 does not abolish the correct placement of the posterior end organelles
Since CdaI eventually becomes focused on the posterior end of the anterior subcell, we explored whether its deficiency affects the patterning of the new CVPs that form near the new posterior end (see Figure 1) . CVPs contain microtubules that are enriched in acetyl-K40 a-tubulin (Gaertig et al. 1995) , which can be detected with the 6-11 B-1 antibody (Piperno and Fuller 1985) . In the cdaI-1 cells grown at the permissive temperature, we detected the CVPs at proper posterior locations in 97% of interphase cells (n = 73) ( Figure 9, A and  B) . Furthermore, new CVPs were readily seen above the fission zone whenever the cortical subdivision was also present (Figure 9, C and D) . To determine whether the cdaI-1 cells assemble new CVPs at the restrictive temperature, we examined cells that were the anterior products of a complete cell division but with clear signs of CdaI deficiency, based on their small size and an absence of a macronucleus. Surprisingly, in 75% (n = 33) of those mutant anterior daughters, CVPs were present at proper posterior positions (Figure 9 , G-K). The true frequency of CVPs in the anterior offspring is probably higher because some of them have disorganized ciliary rows that likely result from an incomplete cortical subdivision, making the identification of CVPs more difficult. In the hammerhead cells (many of which appear to have failed cytokinesis), CVPs were present in 61% of anterior subcells (n = 55). However, in the CVP-positive hammerheads, the positions of CVPs within the anterior subcells were often incorrect (38%, n = 34), with CVPs located either at the same anteroposterior level as the old oral apparatus (Figure 9 , E and E'), or strikingly, above the old oral apparatus (Figure 9 , F and F'). At the least, the assembly of the CVPs is less dependent on CdaI as compared to other cell cycle events such as the equatorial cortical subdivision, cytokinesis, and macronuclear division. Likely, CdaI is not required for the assembly of the CVPs; it is difficult to determine whether the abnormal placement of the new CVPs in the hammerheads is a result of the CdaI deficiency or is secondary to the variable cortical Figure 7 The CdaI pattern changes during cortical subdivision and cytokinesis. Cells expressing CdaI-GFP (otherwise wild type) were labeled with anti-GFP antibodies (red, A-E), and anti-centrin (green, A'-E'). Insets show merged images of magnified fragments. (A-B') Cells in an early stage of cell division with a young oral primordium, with the cell in (A) and (A') in an earlier stage as compared to the cell in (B) and (B'). In (A) and (A') a very weak cortical CdaI-GFP is present in the anterior cell's half. Arrowheads show the posterior ends of the lines of CdaI-GFP. (C and C') A cell in an early stage of cortical subdivision. Note the presence of the CdaI-GFP mostly on the anterior side of the cortical subdivision (see insets). (D and D') A cell in early cytokinesis. CdaI-GFP marks strongly the posterior ends of the ciliary rows (of the anterior subcell) and interconnects the rows above the cortical subdivision. (E and E') A cell in advanced cytokinesis. CdaI-GFP marks the posterior ends of ciliary rows of the anterior subcell. In (B) and (D), the arrowheads mark the speckles of CdaI-GFP at the extreme posterior end that likely correspond to the preexisting Mob1 (see Figure 1 and Discussion). oa, old oral apparatus; noa, new oral apparatus.
defects. In summary, CdaI does not seem to play a major patterning role in the assembly of at least one posterior cortical organelle, the CVP, but may have some role in limiting the placement of these organelles near the posterior cell end.
Discussion
The core of Hippo signaling is conserved in ciliates
The elements of the Hippo pathway that are highly conserved and essential for Hippo signaling (the Hippo core) are: (1) upstream kinase Hippo/Mst, (2) downstream kinase Warts/ Lats, and (3) Warts/Lats activator Mats/Mob1 (reviewed in Hilman and Gat 2011; Sebe-Pedros et al. 2012; Thompson and Sahai 2015; Meng et al. 2016) . We show that a mutation in a Hippo/Mst kinase of Tetrahymena, CdaI, causes an anterior migration of the division plane, and defects in cytokinesis and nuclear divisions. The Hippo/Mst kinases phosphorylate themselves, the Warts/Lats kinase, and its activator Mats/ Mob1 (reviewed in Meng et al. 2016) . All three phosphorylations are needed to produce an active tertiary complex of Hippo/Mst-Warts/Lats-Mats/Mob1 (Gogl et al. 2015) . Importantly, a knockdown of Mob1 in Tetrahymena generates a cell division phenotype that closely resembles that of cdaI-1 (Tavares et al. 2012) , indicating that CdaI and Mob1 are in the same pathway, and that cdaI-1 is a loss-of-function mutation. Furthermore, an RNAi knockdown of Mob1 affects cytokinesis and cell shape in Stentor (Slabodnick et al. 2014) . Thus, ciliates use a canonical Hippo core during cell division. The respective localizations of CdaI and Mob1 show a striking overlap, but also some informative differences. CdaI appears earlier in the cell cycle, and marks the anterior half of the cell, shortly before the cortical subdivision (Figure 1, stage  3 ). Mob1 appears later near the posterior boundary of CdaI (Figure 1, stage 4) (Tavares et al. 2012) . CdaI is in the right place and time to phosphorylate Mob1, and this event could stabilize Mob1 and enable its accumulation in the fission zone. This is based on the observations in budding yeast, where the proper localization of Mob1 requires activity of a Hippo/Mst, Cdc15 (Luca et al. 2001 ) that phosphorylates a scaffolding protein, Nud1, to create a binding site for Mob1 on the spindle Figure 8 The posterior boundary of CdaI is influenced by ELO1. CdaI was tagged with a C-terminal GFP, and expressed under the native promoter in the cell division mutant elo1-1 (grown at the standard temperature 30°at which the mutant phenotype is expressed). Cells were labeled to detect CdaI-GFP (red in A-E), centrin (green in A'-E') and DNA with DAPI (blue in A'-E'). (A, A') A cell in an early stage of cell division. Note that the very young oral primordium assembled at an excessively posterior position. A weak signal of CdaI-GFP is present, stronger in the area immediately above the new oral apparatus. Arrowheads mark the ends of the weak CdaI-GFP lines. (B, B') A cell with a more advanced oral primordium but before the cortical subdivision. The pattern of CdaI-GFP is essentially the same as in the wild type at the similar stage (see Figure 7 , B and B') except that the posterior boundary of CdaI-GFP is shifted in compliance with the more posterior position of the oral primordium. (C-D') elo1-1 cells with a cortical subdivision. Note that the posterior shift of the edge of CdaI-GFP is prominent in the oral sector but progressively less apparent in the rows positioned away from the oral sector, and the ends of CdaI-GFP lines appear normal (equatorial) at the extreme dorsal side. This gives a slant to the edge of the CdaI-GFP lines (compare to Figure 7, C and D) . (E, E') elo1-1 mutant in cytokinesis. Note an excessively small size of the posterior daughter. In (C-E) the arrowheads point to the speckles of CdaI-GFP at the extreme posterior end that may represent CdaI-GFP bound to the old Mob1 (see Discussion). cs, cortical subdivision; oa, oral apparatus; noa, new oral apparatus; mi, micronucleus.
pole body (SPB) (Rock et al. 2013) . Interestingly, in Tetrahymena, the signal of CdaI around the fission zone increases at about the time when Mob1 appears (Figure 1, stage 4) . There could be a positive feedback where the active CdaI-Mob1-Warts/ Lats complex amplifies CdaI. Such a feedback loop operates in the fission yeast (Feoktistova et al. 2012) .
Tetrahymena pyriformis cells treated with a serine-threonine kinase inhibitor, 6-dimethylaminopurine, arrest in cytokinesis, with an anteriorly displaced division plane (Kaczanowska et al. 1999) , which is a partial phenocopy of cdaI-1. Thus, 6-dimethylaminopurine could inhibit CdaI, or another kinase in the same pathway. The anterior cell contraction and the hammerhead shape could be useful for high throughput screens for additional inhibitors of the Hippo pathway, which are of therapeutic interest in the context of cancer and organ regeneration (Anand et al. 2009; Ehmer and Sage 2016; Fan et al. 2016) .
In other species, the Hippo components associate with the cytoskeleton, namely microtubules and microfilaments. In fungi, the Hippo pathway proteins associate with the SPBs, the contractile ring and septum (Frenz et al. 2000; Luca et al. 2001; Menssen et al. 2001) . In Tetrahymena, both CdaI and Mob1 strongly accumulate along the ciliary rows, and near the microtubule-based CVPs (this study and Tavares et al. 2012) . It should be noted, however, that cell division is almost normal in the disA-1 Tetrahymena mutant, in which the ciliary rows are disorganized (Jerka-Dziadosz et al. 1995; Galati et al. 2014) . Thus, in Tetrahymena, the Hippo pathway may not require a correct pattern of cortical organelles, but it remains to be determined whether some microtubulebinding activity is important, as is the case in budding yeast (Menssen et al. 2001) .
Another conserved property of the Hippo signaling is the asymmetry of its components. In budding yeast, during mitosis, Cdc15 initially associates with the mother (new) SPB, and later becomes enriched at the daughter (old) SPB (Menssen et al. 2001) . In fission yeast, the Hippo/Mst kinase Cdc7 first localizes to both SPBs, but later becomes enriched at the old SPB (Sohrmann et al. 1998; Guertin et al. 2000) . In Tetrahymena, CdaI undergoes a step-wise polarization: first it marks the anterior half of the cell, and later focuses at the posterior end of the anterior subcell. In fission yeast, timedependent post-translational modifications have been proposed to distinguish between the old and new SPB to confer polarization of the Hippo components (Johnson et al. 2012) . In ciliates, the new oral apparatus appears shortly before the cortical CdaI. Thus, the difference in age between the new and old oral apparatus could contribute to the subsequent asymmetry of the Hippo components. Curiously, in budding yeast, when the daughter SPB is ablated, the Hippo components become enriched on the "wrong" (mother) SPB and this reverse asymmetry is sufficient for cytokinesis (Magidson et al. 2006) . In the light of the directional flexibility of the Hippo core observed in fungi, it perhaps is not surprising that ciliates utilize this pathway in the unique context of tandem duplication (Figure 1 ).
Hippo signaling and cytokinesis in ciliates
The Hippo pathway is important for cytokinesis in diverse eukaryotes including fungi, protists, plants and mammals (Gromley et al. 2003; Yang et al. 2004; Citterio et al. 2005; Hammarton et al. 2005; Rohlfs et al. 2007; Yabuta et al. 2007; Ma et al. 2010; Hergovich and Hemmings 2012; Tavares et al. 2012; Meitinger et al. 2013; Slabodnick et al. 2014; Bui et al. 2016) . The cdaI-1 mutants either delay or abort cytokinesis. A stronger allele, cdaI-3, causes an almost complete block in cytokinesis (J. Frankel, unpublished data) . In fungi and animals, the Hippo signaling renders phosphorylations of the components of the contractile ring (Yang et al. 2004; Meitinger et al. 2013) . However, in ciliates the molecular mechanism of cytokinesis is divergent; ciliates do not use septins in cell division (Wloga et al. 2008) , and the contractile ring operates without myosin-2 and conventional actin (Sugita et al. 2009 (Sugita et al. , 2011 Shimizu et al. 2013) . In fission yeast, overexpression of a MEN Hippo/Mst kinase, Cdc7, induces ectopic contractile rings (Fankhauser and Simanis 1994) . However, in Tetrahymena, depletion of CdaI causes multiple defects that occur before cytokinesis (see below), or about the time of cytokinesis (and amitosis). Thus, either CdaI controls multiple subroutines in cell division including cytokinesis, or it acts at an earlier step, and affects cytokinesis as a downstream consequence.
CdaI may not play a major role in cortical patterning of the emerging daughters
In all three of the Tetrahymena cdaI mutants: cdaI-1, cdaI-2, and cdaI-3 (Frankel 2008; this study; and J. Frankel, unpublished observations) , the anterior subcell collapses after its initially correct demarcation, which is manifested by a close juxtaposition of the old oral apparatus and oral primordium. Thus, Hippo signaling may play a role in the morphogenesis of the emerging daughters. In this scenario, even the earliest phenotype of cdaI-1, the migration of the oral primordium could be a consequence of failure in specifying the anterior compartment. Such a function would be analogous to what has been documented in budding yeast, where Hippo signaling activates transcription specifically in the daughter cell nucleus (Colman-Lerner et al. 2001) . The main, if not only, output of CdaI activity is likely the generation of a pool of active tertiary complex with Mob1 at the new posterior end. However, we find here that the posterior end cortical markers, CVPs, assemble correctly in the cdaI-1 anterior cells that have managed to separate, despite their severe defects in nuclear division and segregation. It remains to be determined whether CdaI plays a role in other activities that take place at the new ends of emerging cortices including the remodeling of the submembranous cytoskeleton, and control of ciliation of basal bodies Jerka-Dziadosz 1981; Ohba et al. 1986; Numata et al. 1995; Gonda et al. 1999; Kaczanowska et al. 1999; Cole et al. 2008) . To conclude, there is no evidence that CdaI plays a role in the organelle patterning at the posterior end of the anterior daughter, besides its role in sizing the anterior compartment by maintaining the fission zone at a proper equatorial position.
How is CdaI activated and patterned
It is unclear how the cortical CdaI is spatially regulated and why its pattern changes as the cell division progresses. The cortical lines of CdaI appear first when cell division is already under way, after the oral primordium starts to develop. Based on the pattern of CdaI-GFP in the elo1-1 mutant, it appears that the new oral apparatus influences the posterior boundary of CdaI cortical lines, and that this effect weakens further away from the oral sector. The posterior boundary of CdaI-GFP lines is established before the cortical subdivision appears ( Figure  7B and Figure 8B ). Clearly, in addition to the ELO1 gene product, other unknown factors pattern CdaI along the anteroposterior axis. In yeast, the Hippo/MEN pathway activity is a consequence of activation of a G protein, Tem1/Spg1, that is asymmetrically enriched on the daughter SPB (Bardin et al. 2000) . It is unlikely, however, that the factors that pattern CdaI in ciliates originate from the mitotic spindle, or, more broadly, from the nuclei. The macronucleus divides by amitosis relatively late, at the time of cytokinesis (Williams and Williams 1976) , using microtubules that lack a bipolar spindle organization (Fujiu and Numata 2000) . The micronucleus divides by mitosis at about the time of initiation of cortical subdivision (Kaczanowska et al. 1993; Joachimiak et al. 2004) , but this is a closed mitosis that occurs without centriolar centrosomes or a structure similar to the SPB of fungi Davidson 1979, 1980) . Also, there is a viable strain of T. thermophila that lacks a micronucleus (Kaney and Speare 1983) , and other Tetrahymena species have lost the micronucleus during evolution (Doerder 2014) . Thus, the signal that activates and spatially restricts Hippo in ciliates is unlikely to come from the nuclei. To the contrary, there is evidence of a reverse "outside to inside" signaling, in which the cortex affects the nuclei (de Terra 1973 (de Terra , 1975 Cohen and Beisson 1980; Gaertig and Cole 2000) . Thus, the signal that activates CdaI in ciliates is likely to be intrinsic to the cortex.
In interphase, Mob1 may act without CdaI
In interphase, Mob1 remains associated with the posterior end of the cell (Tavares et al. 2012) , while CdaI is not detectable (Figure 1, stages 1-3) . The persistence of Mob1 at the posterior end of interphase cells was also documented in Stentor, using anti-Mob1 antibodies (Slabodnick et al. 2014) . The old Mob1 pool is likely present during cell division based on the presence of foci of CdaI-GFP at the posterior end of the dividing cells (Figure 6, Figure 7, and Figure 8, arrowheads) . Since the expression of CdaI appears to be limited to cell division, during interphase Mob1 may be activated by one of the three additional Hippo/Mst kinase paralogs (TTHERM_00933100, TTHERM_01246760 and TTHERM_00580440). A function of Mob1 in interphase is supported by the observation that a depletion of Mob1 in Stentor affects the ability of this large ciliate to regenerate its body shape after surgical dissection (Slabodnick et al. 2014) . To explore the potential interphase and early cell division functions of Mob1, it will be useful to generate a fastacting conditional allele of Mob1; such mutations have been isolated in budding yeast (Luca and Winey 1998; Luca et al. 2001) .
Conclusion
We show that Tetrahymena uses the conserved Hippo core to maintain equatorial cell division. Despite the unique mode of cell division by tandem duplication, in ciliates, Hippo signaling shows many conserved properties, including polarization of the signaling components across the axis of cell division.
More work is needed to determine the exact mechanism of how Hippo signaling maintains the equatorial division plane in ciliates. Finally, it is compelling that, under CdaI deficiency, the plane of cell division is initially set correctly on both the anteroposterior and circumferential axes. Thus, unknown polarity factors must act upstream of CdaI to control the positional information. Among them, the ELO1 gene product may play a critical role in specifying the anteroposterior position of the oral apparatus.
